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Abstract
Osteoarthritis is a chronic degenerative disease affecting body joints. Abnormal mechanical loading
could be an initiating factor of cartilage damage, by influencing chondrocytes activity. To date, devices
performing mechanical studies of viable tissues are mostly uniaxial. In this work, we developed and
validated a multi-axial device for static and dynamic mechanical testing of viable soft tissues. The
system, named RPETS, is composed of a motor driven indenter, moving vertically and horizontally
along the bottom of a tank containing tissue samples and it can apply combined compression, sliding,
and rolling on viable samples. Validation studies were performed with standard rubber and bovine nasal
cartilage tissue. Static tests demonstrated that the system is comparable to existing uniaxial devices, with
a maximum force control error smaller than 0.5N and a positioning resolution of 5μm. Dynamic tests
performed with different motion profiles showed that the system can exert a load of 100N with a
maximum velocity of 100mm/s maintaining the force control error within 10% of the desired value.
Sinusoidal motion frequency can vary between 0.05 and 0.5Hz. In practical tests, viability staining of
dynamically loaded cartilage slices showed extents of cell death to depend on the indenter velocity.
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Abstract 
Osteoarthritis is a chronic degenerative disease affecting body joints. 
Abnormal mechanical loading could be an initiating factor of cartilage damage, 
by influencing chondrocytes activity. To date, devices performing mechanical 
studies of viable tissues are mostly uniaxial. In this work, we developed and 
validated a multi-axial device for static and dynamic mechanical testing of 
viable soft tissues. The system, named RPETS, is composed of a motor 
driven indenter, moving vertically and horizontally along the bottom of a tank 
containing tissue samples and it can apply combined compression, sliding, 
and rolling on viable samples. Validation studies were performed with 
standard rubber and bovine nasal cartilage tissue. Static tests demonstrated 
that the system is comparable to existing uniaxial devices, with a maximum 
force control error smaller than 0.5 N and a positioning resolution of 5 µm. 
Dynamic tests performed with different motion profiles showed that the system 
can exert a load of 100 N with a maximum velocity of 100 mm/s maintaining 
the force control error within 10% of the desired value. Sinusoidal motion 
frequency can vary between 0.05 and 0.5 Hz. In practical tests, viability 
staining of dynamically loaded cartilage slices showed extents of cell death to 
depend on the indenter velocity. 
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1. Introduction 
Osteoarthritis (OA) is a degenerative joint disease characterized by pain, joint 
stiffness, and loss of mobility accompanied by cartilage degradation.1,2 
Although it affects more frequently hands, knees and hip, it may occur in any 
body joint.3,4 OA is considered the most common age-related joint disorder 
worldwide, affecting 151 millions individuals in the world.5 Limitations in daily 
activities and co-morbidities severely decrease quality of life of OA 
patients.4,6,7 Degeneration of articular cartilage always occurs in early stages 
of OA.8 In fact, in healthy joints, articular cartilage matrix undergoes a 
balanced interaction between anabolic and catabolic factors. In OA this 
turnover tilts toward degrading activities, leading to progressive cartilage loss 
and changes in physical properties.9,10 Causes of this behavior are still 
unclear, possibly, with aging, chondrocytes senescence leads to alterations in 
matrix synthesis and mechanical properties of the tissue8 or mechanical 
fatigue and overload may cause abnormally high stresses and cartilage tissue 
damage.11 OA could also be induced by traumatic events.12 
Since mechanical loading is involved in the transduction of signals between 
cell and matrix for the maintenance of tissue homeostasis,13 it is reasonable to 
hypothesize that abnormal loading patterns can alter signaling pathway and 
initiate cartilage degradation. It was demonstrated in previous studies that 
mechanical loading regulates metalloproteinases synthesis, responsible for 
catabolic activity of chondrocytes.14 Mechanical overload and injury has been 
found to influence the activity of chondrocytes in articular cartilage leading to a 
decrease in proteoglycan synthesis.15 However, the initial experimental set-up 
employed by others to apply mechanical stimuli was often composed of 
standard or custom built loading devices limited to perform simple 
compressive, tensile or shear load, of either static or cyclical nature.16-23 
These stimuli, however, do not reflect the whole physiological condition. In 
fact, in soft tissue loading, due to the combination of compression and 
traction, tractional forces are produced parallel to the joint surfaces as the 
result of frictional forces, due to rubbing of the cartilage surfaces, and plowing 
forces, due to articular surfaces incongruence change, creating a pressure 
gradient is produced, with velocity-dependent shear stresses.24-26 This 
condition, called “plowing effect” can eventually influence both mechanical 
and biological response of the tissue. Therefore, existing systems can help 
understanding basics behaviors; on the other hand, a more complex 
combination of stimuli is required in order to mimic the in-vivo physiological 
conditions of viable tissues, as for the case of plowing. 
Since etiological factors of joint disorders are still unclear, it is essential to 
gain more knowledge about cartilage pathomechanics, in order to support 
clinicians and engineers in the development of improved OA treatment or new 
materials for joint replacement. Furthermore, functional tissue engineering 
principles state that certain parameters such as mechanical properties need to 
be prioritized when replicating a tissue, thus requiring the determination of 
these parameters of native tissue for normal and unphysiological conditions.27 
Following this idea, new functional testing modalities were designed for viable 
soft tissues, in particular for TMJ disc cartilage, based on the study of real 
kinematics and dynamics of temporomandibular joint in situations observed in-
vivo.28-30 Individual and combined effects of compression, shear, rolling and 
sliding of articular surfaces at physiological rates can be investigated now by 
means of the novel testing device presented in this study and expressly 
developed to load viable soft-tissue explants under physiological conditions.  
The system, reproducing with high accuracy the complex kinematic and 
dynamic conditions of a diarthrodial joint, was first assessed and then 
validated using standard rubber and bovine nasal cartilage. This system 
allows monitoring cells activity in a wider physiological range and is a versatile 
and sophisticated device to determine how the extracellular matrix is modified 
through the cellular response to a mechanical stimulus. Initially developed for 
the study in temporomandibular joint research, this device can be easily used 
for the study of other soft tissues by means of a re-parameterization of the 
loading conditions. 
 
2. Material and methods 
2.1 System design and components 
A computer-controlled test apparatus for dynamic rolling and plowing on soft-
tissue explants was designed and constructed from custom made and off-the-
shelf parts and electronics. The system, named “Rolling Plowing Explant Test 
System” (RPETS), can reproduce on viable tissue samples, in particular 
cartilage, the combined compression, sliding, and rolling effects occurring in 
diarthrodial joints during functional movements and analyze the so-called 
“plowing effect” at mechanical and biological levels. The device is composed 
of a metallic (stainless steel) or plastic (Teflon) indenter, and a polyvinyl-
chloride (PVC) tank where the tissue sample to test is positioned, immersed in 
liquid (Fig. 1). The indenter is mounted on an aluminum arm and can be 
displaced in the horizontal direction (x-direction) and vertical direction (z -
direction) by means of two linear stages (COPAS 20, Rose+Krieger AG, 
Switzerland) driven by stepper-motors (VRDM368, Berger Lahr GmbH & Co 
KG, Lahr, Germany). Interchangeable indenters of different geometries can be 
mounted on the RPETS arm according to the particular experiment to be 
performed. Positioning system resolution is 5 µm for the horizontal axis and 
0.5 µm for the vertical axis. During the tests the indenter is free to rotate 
passively around its axis in order to reproduce rolling effects, and can 
simultaneously be pressed vertically against cartilage samples in order to 
reproduce plowing effects. Cartilage samples harvested and shaped for 
testing can have a maximum dimension of 120×40 mm with constant 
thickness (typically 2 mm). They can be glued, after harvesting, to a Plexiglas 
plate (dimensions 130×40×1.5 mm) by means of an acrylic adhesive 
commonly used in clinic for wounds closure (Histoacryl, B. Braun Melsungen 
AG, Melsungen, Germany). The plate, in turn, is fixed to the bottom of the 
tank by means of plastic screws. The tank can be filled with a liquid containing 
cells nutrients and a mixture of antibiotics and antimycotics. The liquid is kept 
at 37°C by means of a custom made heating system positioned in the bath. 
The horizontal as well as the vertical movements of the indenter assembly are 
measured by means of linear variable differential transformers (LVDTs) 
(Model DLF for x-direction; model S2C for z-direction, Transmetra Haltec 
GmbH, Neuhausen, Switzerland). The compression forces (z-direction) as 
well as the frictional forces between indenter and cartilage sample in x-
direction are measured by load cells (Transmetra Haltec GmbH, Neuhausen, 
Switzerland). A platform load cell (model W-AQ; nominal load 20kg; sensitivity 
2 mV/V) is used for the z-direction, whereas a button load cell (model KM29; 
load range ±200N; sensitivity 1 mV/V) is used in x-direction. The sensors set-
up provides a force measurement accuracy of ± 0.1 N. A data acquisition card 
(NI DAQPad – 6015, National Instruments, Austin, Texas), connected to the 
sensors, and a controller, connected to the stepper motors, are interfaced with 
a personal computer to execute system control algorithms developed to 
reproduce the appropriate combination of motion and pressure on the 
cartilage sample. A dedicated software application developed using LABVIEW 
8.2 (National Instruments, Austin, Texas) provides a Graphic User Interface to 
set-up motors and experiment parameters (e.g. experiment duration, 
maximum velocity, maximum force), to control system function (run/stop, etc.), 
to graphically inspect the system at runtime (display of forces and positions), 
and to store and re-load experiment set-ups. 
2.2 System performance assessment 
Several measurements were performed to evaluate the system position and 
velocity control accuracy. In these tests the linear stage table was moved in x-
direction either with trapezoidal or sinusoidal motion profiles; x-position was 
measured by means of the LVDT and velocities were calculated as derivatives 
from that signal. Trapezoidal motion profiles are ideally characterized of three 
parts: the acceleration phase, starting form static condition to the maximum 
speed, constant speed phase (cruise phase), where the maximum velocity is 
reached and maintained constant, and deceleration phase. Since the rapid 
application of acceleration could compromise the equipment, a constrained 
rate of acceleration profile was chosen. Maximum velocity values were varied 
from 10 mm/s to 100 mm/s by 10 mm/s step and the motion was performed 
over a distance of 50 mm. A group of 6 repetitions was made for each 
maximum velocity value. Indenter position signals were recorded at a 
sampling rate of 1 kHz and low-pass filtered (cutoff frequency 10 Hz). Mean 
velocity, maximum error, and average error were calculated from the recorded 
data. Furthermore, rising time and displacement needed for speed adjustment 
were also determined.  
Sinusoidal profiles input were defined as: v(t)=Vsin(ωt) where V is the peak 
velocity and ω is the angular velocity. By integrating this equation we obtain 
the ideal indenter position as: x(t)=D/2(1-cos(ωt)), where D is the total 
displacement. Two types of input profiles were tested: a) sinusoidal wave with 
constant frequency of 0.5 Hz and peak velocity varying from 10 to 100 mm/s; 
b) sinusoidal wave with constant displacement of 50 mm and peak velocity 
varying from 10 to 100 mm/s. In a) the angular velocity is a function of the 
frequency f=0.5 Hz and can be written as: ω=2pif; the traveled distance 
becomes D=2V/ω. In b) the angular velocity is function of the imposed 
displacement D=50 mm and can be written as ω =2V/D; in this case the 
frequency becomes f=V/piD. Tests were repeated 10 times for each peak 
velocity. Indenter positions were recorded at a sampling rate of 1 kHz. 
Position signals were low-pass filtered (cutoff frequency 10 Hz) and then fitted 
with the corresponding ideal position curve using a routine written in 
MATLAB™. Velocity profiles were determined as the derivatives from the 
position signals and normalized over the maximum velocity peak. The overall 
error between the ideal and the measured velocities, was then determined as 
the difference between the area underneath the absolute ideal curve and the 
measured one. 
Force control accuracy was evaluated under static and dynamic conditions. 
Static tests were performed by pressing the indenter against a standard 
rubber sample (VMQ Silicon elastomer, shore A 50) and keeping the force 
constant for 60 seconds. The force was varied between 10 and 100 N, each 
test was repeated for 10 times. The force control under dynamic condition was 
performed on standard silicon rubber. In this set of experiments, 10 strips of 
silicon rubber (dimensions 80×20×2mm) were tested with a dynamic 
rolling/plowing pattern. A metallic cylindrical indenter (Aluminum, 25 mm 
radius) was pressed for ten times against the cartilage surface at position x = 
0 mm and moved with constant speed in x-direction to position x = 40 mm, 
freely rotating around its center, while being pressed with a constant force. 
Speed was set at 10 mm/s and 100 mm/s and the force of compression was 
varied from 10 to 100 N with a 10 N step. Velocity and force profiles were 
recorded with a sampling frequency of 1 kHz. For loading force assessment, 
mean values, standard deviations, maximum error between the desired and 
the measured values were calculated. Furthermore, in the analysis of dynamic 
force control, force values were divided depending on their position in the 
samples. Indenter path was divided in five regions (named R0 to R4) where R0 
and R4 are the regions where the velocity is rising to its maximum value, while 
R1-R3 are the regions of constant velocity. The behavior of the force was then 
observed only in the regions R1 to R3 of constant velocity. 
2.3 System validation 
The system was validated under static and dynamic conditions using standard 
rubber and viable cartilage tissue. 
2.3.1 Comparison with existing devices 
In order to validate the apparatus, a comparison between mechanical tests 
run with RPETS and already existing devices was done. Since there is no 
commercial availability of rolling/plowing devices, only axial experiments were 
performed. A universal testing machine (Zwick/Roell Z010, Zwick GmbH, Ulm, 
Germany) with a built-in software application (test-expert V 11.02, 
Zwick/Roell, Ulm, Germany) was selected as gold standard for the 
comparison. As first assessment test, static compression was performed 
using standard rubber (VMQ Silicon elastomer, shore A 50).  
For the tests, 20 cylindrical rubber plugs (diameter 5mm) were obtained by 
means of biopsy punches and each sample to test was placed in the device 
selected for the test between two stainless steel plates. A 10% strain at a rate 
of 0.01 mm/s was applied and held for 1 minute. Elastic Young’s modulus was 
obtained as the gradient of the experimental stress-deformation curves, 
sampled at a frequency of 100Hz. The resulting moduli calculated with both 
devices were compared.  
A second set of experiments was performed on viable cartilage tissue. 
Cartilage from bovine nasal septum (BNS) was selected as first approximation 
model for mechanobiology studies. This tissue is rich in homogeneously-
organized chondrocytes and can be conveniently shaped.  
The nasal septum of one young, healthy animal (average age 18 months) was 
obtained from the local abattoir within 8 hours after sacrifice. Cartilage 
samples were sectioned from BNS and then cut into strips of 2 mm thickness 
by means of a custom made cutting device. Cylindrical plugs (n = 9) were 
obtained by means of a 5 mm biopsy punches (average diameter 4.72 ± 0.03 
mm; average thickness 2.15 ± 0.06 mm) and stored at -25°C. 
Static stress relaxation in unconfined compression was performed using both 
RPETS and the universal testing machine (Zwick/Roell). First, the samples 
were thawed at room temperature and tested with Zwick, then refrozen and 
tested in a different day with RPETS. Both testing days, after thawing and 
equilibration (about 1 hour time), each cartilage plug to test was placed in the 
employed device between two stainless steel plates. A 10% strain at a rate of 
0.001 mm/s was applied and held for 20 minutes. Experimental curves of 
force and displacement versus time, recorded at 100 Hz sampling frequency, 
were fitted using Matlab (Mathworks) with a linear viscoelastic model of 
cartilage in order to obtain material properties.31 A nonlinear regression to the 
step response equation of the viscoelastic linear solid σ(t)=ER(1-(1-τσ/τε)e(-
t/τε))ε was applied to determine the values of the relaxed elastic moduli ER and 
the time constants τσ,τε. Instantaneous elastic modulus E0 was then obtained 
from these three parameters as E0=ER(τσ/τε) and the results obtained for both 
devices were compared. 
2.3.2 Dynamic experiments 
To validate the system under dynamic conditions a set of experiments was 
performed with rubber. The procedure was the same as for the experiments 
described in section 2.2. During these tests, the values of vertical force, 
tangential force, horizontal and vertical position were recorded and the 
coefficient of friction was determined as the ratio between vertical and 
tangential force in each instant. A multifactorial ANOVA test for repeated 
measures was performed on the data of force, indentation depth and friction 
coefficient, in order to determine if the parameters were affected by different 
force level application and velocity rate changes. The total distance covered 
by the indenter was divided into five regions and only the three regions 
corresponding to the motion at constant speed were included in the study and 
they were taken as third factor in the analysis of variance. 
2.4 Dynamic experiments on cartilage 
Preliminary tests were performed on bovine nasal cartilage in order to 
determine the effect of the mechanical load in cell viability. A constant load of 
100 N was applied onto BNS cartilage strips (dimensions 60×15×2mm) while 
moving the indenter for 40 mm with a trapezoidal speed profile of 10 mm/s 
and 70 mm/s. The viability of chondrocytes in the cartilage was visualized by 
staining slices of tissue (ca. 150 µm thick) with 1µM ethidium homodimer-1 
(Eth-1) and 1µM calcein AM. Eth-1 is adsorbed exclusively from cells having a 
compromised cell membrane (red fluorescence). Calcein stains the cytoplasm 
in cells with intact cell membranes (green fluorescence)36,37. The incorporation 
of the dyes was visualized by meaning of fluorescence microscope. The 
cross-sections were viewed using a microscope (Leitz, Dialux 20) with 
incident light fluorescence equipment (dual blue/green incident light, 510/540 
µm). Digital images were recorded using an image capturing system and CCD 
camera attached to the microscope. 
 
 
3. Results 
3.1 System test measurement 
Position control with trapezoidal input profiles showed a maximum recorded 
error in the constant speed phase of 2.99 mm/s at 100 mm/s velocity. 
Maximum error in percentage was always smaller than 5.8% of the desired 
value (Fig.2). Acceleration phase rising time increased from 54 ms to 144 ms 
with increasing velocity, thus incrementing the displacement occupied by the 
acceleration from 0.28 mm for 10 mm/s to 5.85 mm for 100 mm/s respectively 
(Fig.2). Sinusoidal input profiles showed a high correspondence between 
measured and ideal position curve for all the measurements (R² = 0.99). 
Velocity curves were normalized to maximum peak of 1 mm/s and displayed 
as function of the percentage of the covered movement (Fig.3). The overall 
error between ideal and measured velocity, determined as difference between 
areas underneath absolute curves, was 0.8% for both constant frequency and 
constant displacement measures. 
Results of the force control measurements showed that both force precision 
and accuracy were decreasing with increasing indenter velocity (Fig 4(a)). In 
static conditions the mean error was 0.07 N while the maximum recorded 
error was 0.48N. Under dynamic conditions, the error increased proportionally 
with the loading force and the velocity of the indenter (Fig 4(b-c)). While 
moving at 10 mm/s, the ratio between actual and desired value (Vm/Vd) was 
almost constant (Vm/Vd R1 = 0.99, Vm/Vd R2 = 0.97 Vm/Vd R3 = 0.98) along 
the three regions of constant speed displacement, indicating a good 
correspondence of the controlled variable and also the accuracy of the results 
is high for all the three regions (R² = 1.00). At 100 mm/s, the accuracy 
remained high (R² = 1.00) in each region, but the correspondence between 
actual and desired value was not maintained equal. It was higher in the first 
region (Vm/Vd R1 = 0.99) and decreased in the second and in the third 
(Vm/Vd R2 = 0.92 and Vm/Vd R3 = 0.88).  
3.2 Static validation results 
Highly corresponding elastic moduli were obtained in static compression tests 
executed on standard rubber plugs with RPETS and Zwick. The average 
value for the elastic modulus determined with the universal testing device was 
3.39 MPa, whereas the one obtained with RPETS was 3.37 Mpa (Fig 5). The 
confidence interval at 95%, calculated for the two sample groups resulted, for 
Zwick, in the range 3.37 MPa - 3.42 MPa, whereas for RPETS was from 3.33 
MPa to 3.41 MPa.  
Figure 6 depicts the average behavior and the standard deviation of the 
samples tested in both Zwick and RPETS. The curves are similar and they are 
almost superimposed, especially in the equilibrium state. Results of the 
numerical model fit confirm these findings while E0 was higher in Zwick (E0Zwick 
= 13.38 ± 2.43) than in RPETS (E0RPETS = 8.52 ± 1.12); whereas the mean ER 
was alike (ERZwick = 2.24 ± 0.64; E0RPETS = 2.24 ± 0.62). Confidence intervals 
for the parameters showed a complete correspondence for the relaxed 
modulus (Zwick: [1.82; 2.66], RPETS: [1.83; 2.65]), but not for the 
instantaneous modulus (Zwick: [11.79 14.97], RPETS: [7.79; 9.26]) 
3.3 Dynamic validation results 
Dynamic plowing on silicon rubber resulted in a good separation of the curves 
relative to each combination of velocity and force. The ANOVA demonstrated 
a significant effect of each vertical force level on tractional forces and 
indentation values either at 10 or 100 mm/s. Both tractional forces and 
indentation depth increased linearly with peak velocity, varying between 6.0 ± 
0.33 N and 30.7 ± 17.6 N, and 0.03 ± 0.006 mm and 0.5 ± 0.3 mm for a 
plowing velocity of 10 mm/s (similar data for 100 mm/s). The controlled 
parameter (vertical force) also showed a statistical difference in the results at 
each level. Coefficients of friction did not show any significant variation for any 
combination of velocity, force and region and their mean value was 0.5 and 
0.8 for the 10 mm/s and 100 mm/s respectively.   
3.4  Preliminary cartilage tests 
During the dynamic plowing experiment, variation of the applied load 
appeared higher than the one found for rubber samples, probably due to the 
geometry of the strip. Results on the cells viability showed how higher plowing 
velocity caused more diffuse cellular death in the tissue than lower plowing 
velocity. Furthermore, at higher plowing velocity cell death increased along 
the plowing path (Fig.7).  
 
4. Discussion 
Aim of this work was to design, construct and validate a novel computer-
controlled device for functional mechanical testing of viable soft tissues. Our 
system performs multi-axial testing on soft tissue samples with a wide range 
of forces and velocities. It can exert a maximum load of 200 N with a 
resolution of 0.1 N and with a maximum velocity of 100 mm/s maintaining the 
force control error within 10% of the desired value. Motion frequency can vary 
within 0.05 and 0.5 Hz and the peak velocity can reach 80 mm/s at the 
maximum frequency.  
In comparison with already existing mechanical devices, RPETS has several 
advantages. First of all, unlike several systems,16,17,19,21 it can apply load in a 
multi-axial modality, with the uniaxial test viewed as specific condition of the 
multi-axial loading. Furthermore, RPETS works on viable tissue explants, 
allowing for both mechanical and biochemical investigation on the same 
sample. In addition, RPETS can be adapted upon necessity to work with 
samples of different tissue, size and shape, thus giving high flexibility on the 
type of studies to execute, compared to other devices which only work with 
one standard sample type.22 Modifications of indenter shape, dimensions and 
material are straightforward, allowing for rapid change of test modalities. 
Finally, the device can operate in a wide range of force and velocity 
automatically controlled, as shown in the performance assessment.  
Comparison with the uniaxial standard system by Zwick showed a good 
reproducibility of force and deformation data. The complete correspondence 
between elastic moduli found while testing standard synthetic material provide 
a validation of the system quality in terms of standard performances. For 
cartilage samples, the correspondence between elastic moduli was achieved 
at the equilibrium, where corresponding samples gave, in both devices, same 
values of relaxed elastic moduli. In the initial part of the stress relaxation test, 
samples tested in the Zwick machine have higher instantaneous elastic 
modulus. Even thought previous literature results have shown a high 
variability for instantaneous elastic moduli E0,31-33 differences obtained here 
between RPETS and Zwick could be due to an artifact induced by a second 
cycle of freezing-thawing before testing the sample in RPETS as described in 
previous articles34,35 or to an enzymatic degeneration of the sample, tested in 
PBS without protease inhibitors.   
Application of trapezoidal velocity allows for the analysis of large samples 
subjected to the same loading conditions since the error was never higher 
than 5% of the desired velocity. However, by increasing the peak velocity, 
also the rising time and the corresponding covered distance increased from 
0.3 mm at 10 mm/s to 5.8 mm at 100 mm/s. Thus, when performing 
biochemical analyses, we would carefully exclude these regions from the 
calculations.  
Sinusoidal waves errors were also low (10% maximum) and they did not 
increase with speed. Due to the limited available stroke, a maximum peak 
velocity of 90 mm/s could be reached with the frequency of 0.5 Hz. Force 
control error was smaller than 0.5 N in static conditions, comparable with the 
resolution of other systems.17,18 Precision decreased with increasing speed, 
probably due to the control algorithm applied, based on a simple proportional 
controller, but also because the time response of the system is around 100 
ms, and it does not work in real-time. However, the accuracy of the control is 
maintained in each region of the sample (as described in Figure 4 and in the 
ANOVA test); therefore, biochemical analysis can be performed and the 
results compared at different levels of force applied. Furthermore, based on 
the experimental deviation from desired loading shown in Figure 4(c), 
software compensation could be applied in order to obtain better force results. 
Dynamic validation on standard rubber material showed that mechanical 
variables such as tractional force and indentation have significantly distinct 
values depending on applied forces at both velocities chosen (10 mm/s and 
100 mm/s). Although variations in the controlled loading force are increasing 
with increasing speed, due to control issues, measured values remain 
statistically separated among levels, thus allowing for biological investigation 
with this parameterization. Viability tests performed on live cartilage samples 
confirm the validity of the chosen conditions of force and speed, showing a 
low amount of tissue damage due to cell death. 
For its construction, RPETS is not meant to be used in an incubator, as many 
existing devices, where the high humidity could quickly compromise the 
efficiency of motors and sensor. For this reason we employ it under a hood, to 
ensure sterile conditions and in addition, we included into the tank a heating 
system, which is still under improvement, with external temperature control, to 
keep the tissue at body temperature (37 °C). 
Further improvements of the device include the active rotation of the indenter, 
allowing for synchronized rotating-translating patterns onto the tissue, and the 
translation along a third axis perpendicular to the actual ones, in order to 
simulate effects of lateral displacement. 
An improvement on the control algorithm will increase the force control 
precision and pull us toward our final goal of replicating in-vitro the in-vivo 
recorded loading patterns; more sophisticated control algorithms would allow 
us to load the samples with velocity profiles obtained from real 3D kinematic 
of joints, tracked in-vivo.38 Another interesting improvement would be to test 
more samples in parallel as done in other devices, allowing for a faster 
collection of mechanical and biological data. However, due to the complexity 
of the applied load, this would require further studies on strain/stress 
parameterization and a new design of the indenter assembly. 
In conclusion, our newly developed computer controlled system for multi-
modal mechanical loading of viable tissue explants, allowed us to produce 
new and complex combinations of stimuli. These can closely mimic the in-vivo 
physiological conditions of viable tissues with good accuracy and repeatability 
assessed on both synthetic material and bovine nasal cartilage. In our 
preliminary tests we also observed that bovine cartilage viability changes in 
response to different loading stimuli, giving a solid starting point for novel 
types of mechanobiological analyses. These results represent a further step in 
the direction of understanding cartilage disorders and degeneration. 
Furthermore, RPETS can be used in the future as a solution for the study of 
other biological soft tissues. 
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7. Figures 
Figure 1 Perspective view of the Rolling-Plowing Explant Test System 
(RPETS). The motor-driven linear stages (1), the indenter (2) mounted on the 
moving arm, and the tank (3) are depicted.  In the box above left, a detail of 
the plastic tank containing the sample to test can be seen. The sample is 
glued onto a Plexiglas plate and fixed by screws to the tank bottom, then 
covered with liquid.  
Figure 2 Maximum error and stroke covered by the indenter during 
acceleration time in the trapezoidal velocity input as function of the peak 
velocity. The maximum error linearly increases with peak velocity to 2.96 
mm/s at 100 mm/s. The stroke covered during acceleration increases with 
peak velocity from 0.3 to 5.8 mm. 
Figure 3 Normalized sinusoidal velocity cycles for measures at constant 
frequency (left) and a constant displacement (right). Gray dotted lines are 
ideal sinusoidal waves, while the black solid lines are the mean measured 
velocities. Dashed lines are maximum errors around the average value at 
each sampling instant. 
Figure 4 (a) Mean values and standard deviations of forces measured at 10 
force levels are displayed in static conditions (black), at 10 mm/s indenter 
motion (gray) and at 100 mm/s indenter motion (white). Forces are closer to 
the desired value for static condition and their average values decrease with 
speed, while standard deviations increase. Thus, force control has higher 
accuracy and precision at lower speed.  
(b) Dynamic control precision variation along the sample length. At 10 mm/s 
the ratio between desired and measured force is close to 1 for all the regions 
of the sample with constant speed R1 (dot), R2 (asterisk) and R3 (plus) and the 
results show a good linearity between force levels (coefficient of determination 
R² = 1.00) (c). At 100 mm/s, on the other hand, the ratio decreases along the 
sample (R1>R2>R3) although the linearity between actual and ideal value is 
maintained (R² = 1.00) among force levels.  
Figure 5 Stress-strain relationship for standard rubber samples tested by 
means of Zwick and RPETS. Linear regression on the experimental data 
(solid lines) and standard deviations (dashed lines) are presented for both 
Zwick (red) and RPETS (black). The elastic modulus, measured as the slope 
of the linear regression line, was 3.39 MPa and 3.37 MPa for Zwick and 
RPETS respectively.  
Figure 6 Average stress-relaxation curves (solid lines) against time and their 
standard deviations (dotted lines) for unconfined compression experiments on 
BNS cartilage samples tested in Zwick (red line) and in RPETS (black lines). 
The curves are completely superimposed at equilibrium, whereas in the initial 
compressive state higher values of stress were found when the samples were 
tested in Zwick rather then in RPETS. 
Figure 7 Chondrocyte viability after plowing on cartilage at 10 mm/s (A, B, C) 
and 70 mm/s (D, E, F). Samples were taken in the middle of the R1 region (A 
and D), of the R2 region (B and E) and of the R3 region (C and F). 
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